In this study, the potential economic and hydraulic benefits of utilizing variable speed pumps (VSPs) in water supply systems are reported. A simple water distribution network simulation is carried out by EPANET and Bentley HAMMER models to examine variable speed operation. It was found that using VSPs could control and improve performance of the water distribution systems. Where the potential energy cost savings realized by installing variable speed drives is a significant value (about 20%), in addition the leakage reduces by 21% compared to constant speed pumps. Also, this approach can improve and control undesired and damaged surge pressures and water leakage resulting from the abnormal operation conditions accompanied by the fixed speed pumping.
INTRODUCTION

).
Using constant speed pumps for operating water supply systems produces a situation where pressure may be significantly higher than required and could exceed specifications.
Meeting pressure requirements also may require operating valves in a throttled condition. Gibbs et al. () identified near optimal solutions for the operation of a real water distribution system (WDS) (Woronora) in Sydney, Australia, including both pump scheduling and disinfectant dosing, by application of optimization algorithms (genetic algorithms, GA). They found that significant energy cost savings of up to 30% can be made by scheduling the pumping in the system. Morley & Tricarico () It may be noted that most of the research in this area has been limited to FSP operation. The present study focuses on the operation of water distribution systems with VSPs. In addition, the difference between VSPs and FSPs effect on leakage and transients behavior associated with starting/ stopping valves are examined using EPANET and Bentley HAMMER simulations. It is worth noting that, in the remainder of the paper, VFDs or VSDs will refer to the VSPs.
Energy saving in WDNs by VSPs
The electrical energy used to pump water is a significant portion of the total operational costs in WDSs, E (kWh), and is given as:
where γ (N/m 3 ) is the specific weight of the fluid, Q (m 3 s -1 ) is the flow rate delivered, H p (m) is the pump head, t (h) is the operating time, and η w is the wire to water efficiency.
The pump head H P1 is the sum of the static head, minor losses through the system, and the friction losses (dynamic head loss) in suction and delivery pipes of a pump P 1 . If a different pump P 2 is used to lift a smaller discharge (Q 2 < Q 1 ) through the same pipeline diameter, the friction losses are reduced and therefore the new generated head H P2 will be smaller than H P1 . Thus, the energy used by the new pump P 2 will be lower than the energy consumed by P 1 due to the smaller flow rate and head.
Water demand variations in a system can further shift the actual pump operating point from that expected. These variations in demand can be handled by using a storage facility in combination with a FSP or by using a VFD, which may be a more appropriate approach as its speed varies to match system consumer demands. Figure 1 shows that the use of a variable (adjustable) speed drive modifies the pump speed from N 1 to N 2 (N 2 < N 1 ) to meet demand duties, so the operating point A 1 moves to a new point A 2 .
According to affinity laws there is a substantial reduction in absorbed power accompanying the reduction in pump head and flow rate, the grey area (bcdefg) in Figure 1 can be seen as energy saved by installing variable speed control. Also, energy consumption can be minimized by arranging the run times during the non-peak demand energy cost periods.
The combined pump-motor-variable speed drive efficiency is called wire to water efficiency, and can be represented by Equation (2), where η VFD , η mot and η pump are the VFD, motor and pump efficiencies, respectively. If there is no VFD in the system, i.e. single speed pumps, then η VFD is equal to 1.0.
Effects of speed variation on pump operation
The basic formulas that govern pump operation at different 
where Q represents the pump flow rate, H p is the pump head, P is the absorbed power, N is the rotation speed of the impeller and D is the impeller external diameter. It is clear from the squared and cubic expressions of head and power that a small change in speed leads to major changes in these parameters.
The relationship between two different rotational speeds and the corresponding efficiencies (Sarbu & Borza ;
Georgescu et al. ) can be obtained in the following form:
Thus, the changes in efficiency for large pumps can be 
where q is leakage flow rate, C is the discharge coefficient, p is the fluid pressure differential over the orifice and n is the pressure exponent and it is dimensionless and equals 0.5 for sprinklers and nozzles. Fortunately, leak losses can be reduced by means of pressure control such as pressure reducing valves, regulating valves and VSPs.
CASE STUDY
An example is given in this study in order to illustrate some of the major benefits of assessing VSPs in the WDNs. The case study (Figure 3) , and its data can be found in Marchi 
RESULTS AND DISCUSSION
Effect of VSPs on energy and associated cost and water losses by leakage
EPANET's hydraulic model (Rossman ) is used to perform hydraulic analysis for a distribution system (lower part of Figure 3 ). EPANET computes junctions head and links flow rate. In addition, the pump characteristics at different relative speeds can be computed in accordance 
2012).
The effect of variable speed pumping on leakage can be estimated by introducing leak elements into the network model. It is assumed that a leakage is applied to the EPANET example (Figure 3) , and the loss is concentrated in one point (just after the pump) with an emitter coefficient ¼ It must be noted that the magnitude of leakage reduction accomplished from installation of the VFDs and the corresponding financial savings will obviously differ from other networks, depending on the case study, losses and their distributions, initial pressures, etc. Despite the simplifications of the studied hydraulic system, the obtained results are a powerful indication of the hydraulic and economic benefits achievable from variable speed operation. In fact the VFD speed varies during the day to achieve the operating objectives. For instance, during the peak consumption hours the pump might be run at full speed or slightly higher values (relative speed !1.0) according to storage tank size and | Transient pressure heads enveloped due to valve sudden closure at using VSPs and leakage is considered.
